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ABSTRACT
We present measurements of the orbital positions and flux ratios of 17 binary and triple systems in
the Ophiuchus star forming region and the Upper Centaurus-Lupus cluster based on adaptive optics
imaging at the Keck Observatory. We report the detection of visual companions in MML 50 and
MML 53 for the first time, as well as the possible detection of a third component in WSB 21. For
six systems in our sample, our measurements provide a second orbital position following their initial
discoveries over a decade ago. For eight systems with sufficient orbital coverage, we analyze the range
of orbital solutions that fit the data. Ultimately, these observations will help provide the groundwork
toward measuring precise masses for these pre-main sequence stars and understanding the distribution
of orbital parameters in young multiple systems.
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1. INTRODUCTION
The orbits of binary stars provide a way to mea-
sure the dynamical masses of the stellar components.
Recent work on measuring the masses of pre-main se-
quence (PMS) stars has led to significant improvements
in the evolutionary models computed at young stel-
lar ages (e.g., Torres et al. 2013; Paxton et al. 2011;
Baraffe et al. 2015; Feiden 2016; Simon et al. 2017). In
this paper, we focus on measuring the visual orbits
of 15 binary stars in the Ophiuchus star forming re-
gion that were initially resolved as binaries 10−20 yr
ago (e.g., Ghez et al. 1993; Reipurth & Zinnecker 1993;
Simon et al. 1995; Ageorges et al. 1997; Aspin et al.
1997; Koresko 2002; Barsony et al. 2003; Ratzka et al.
2005; Correia et al. 2006; McCabe et al. 2006). Sev-
eral of these systems have not had measurements of
their positions published since the time of their dis-
covery. We also include two new detections of bina-
ries in the Upper Centaurus-Lupus (UCL) cluster; these
stars were initially included in a survey to detect ter-
tiary companions in a sample of PMS spectroscopic bi-
naries (Prato et al. in prep). If the distance is known,
a visual binary orbit provides a measurement of the
total system mass. At the distance of the Ophiuchus
star forming region (∼ 130 pc; Cheetham et al. 2015;
Mamajek 2008; and references therein), binaries resolv-
able through adaptive optics (AO) imaging typically
have periods on the order of decades (e.g., Schaefer et al.
2006, 2014). Therefore, the AO measurements presented
here provide the groundwork for measuring high preci-
sion orbital parameters and dynamical masses in the
future. In order to derive individual masses of the com-
ponent stars, additional information is required, such
as measurements of the astrometric motion of the com-
ponents around their center of mass (Ducheˆne et al.
2006; Schaefer et al. 2012; Ko¨hler et al. 2013, 2016) or
the radial velocity variations in a double-lined spec-
troscopic binary (Boden et al. 2005; Torres et al. 2012;
Simon et al. 2013; Le Bouquin et al. 2014).
In addition to providing dynamical masses as an-
chor points for the evolutionary tracks, the distribu-
tion of orbital parameters (eccentricities, semi-major
axes) and mass ratios in binary systems provide clues
to understanding the formation of binary stars (e.g.,
Ducheˆne & Kraus 2013; Reipurth et al. 2014). More-
over, about seven of the systems studied in this paper are
part of triple or higher order multiple systems. The rela-
tive alignment of the orbits between the inner and outer
pairs can probe the initial conditions of star formation
(Fekel 1981; Sterzik & Tokovinin 2002; Reipurth et al.
2014; Tokovinin 2014). A similar assessment can be done
by comparing the binary orbital plane with the orienta-
tion of circumstellar or circumbinary disks in the system
(e.g., Kellogg et al. 2017). The frequency of coplanar or
misaligned systems can provide insights into the forma-
tion of the multiple systems and their dynamical evolu-
tion over time.
Based on our AO observations and previous measure-
ments available in the literature, we provide an overview
on the status of the orbital motion and analysis for each
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binary and triple system that was observed. We also
indicate which systems show variability in their flux ra-
tios.
2. ADAPTIVE OPTICS OBSERVATIONS
2.1. Target Selection
In the Ophiuchus star forming region, we selected pre-
viously known binary stars with separations in the range
of 40–350 mas and R-band magnitudes within the sen-
sitivity limits of the Keck AO system. The range of
separations was selected so that the binaries could be
resolved through AO imaging at Keck and would be ex-
pected to show a change in orbital motion since the time
of their last observation. The observations presented in
this paper do not represent a complete sample of bina-
ries that meet these selection criteria.
Table 1 lists the binary stars that we observed, along
with their right ascension, declination, distance, region,
and spectral type. We assigned distances to each target
based on their association with nearby star forming re-
gions. Ortiz-Leo´n et al. (2017) measured the parallaxes
for 12 stars in the Ophiuchus dark cloud Lynds 1688 and
for three stars in the eastern streamer Lynds 1689. For
our targets that are positionally coincident with Lynds
1688 and 1689, we quote the average distances measured
by Ortiz-Leon et al. of 137.3 ± 1.2 pc and 147.3 ± 3.4
pc, respectively. One of our targets, ROXs 47A (DoAr
51) in Lynds 1689, has a direct parallax of 143.2 ± 1.0
pc measured by Ortiz-Leon and we quote that value for
the system. For Ophiuchus targets that lie in neither
Lynds 1688 nor Lynds 1689, we use the distance of 130
pc adopted by Cheetham et al. (2015). For MML 50 and
53 we use the mean distance of 140 ± 2 pc to UCL de-
termined by de Zeeuw et al. (1999). Revised distances
for each system will be available in the near future from
the GAIA mission (Gaia Collaboration et al. 2016).
2.2. Keck NIRC2 Observations
We observed the sample of binary stars using the near-
infrared camera NIRC2 (Wizinowich et al. 2000) on the
10-m Keck II Telescope at the W. M. Keck Observatory.
We used the natural guide star AO system on all nights
except for UT 2015 April 5 when we used the laser guide
star. MML 50 and MML 53 were observed using natural
guide star AO on all nights (including UT 2015 April 5).
All images were taken with the narrow-field camera in
NIRC2 which has a field of view of 10′′. Table 2 provides
an observing log which lists the UT date and time of ob-
servation, target name, filter, AO rate, integration time
per exposure, and number of images taken in each filter.
Each image consisted of 10 coadded exposures. We ob-
tained sets of 5−12 images dithered across the detector.
We flatfielded the images using dark-subtracted dome
flats and removed the sky background by subtracting
pairs of dithered images. Figure 1 shows example im-
ages of the multiples in our sample with the components
identified.
We computed the separation, position angle, and flux
ratio of the components in the multiple systems using
point-spread function (PSF) fitting following the same
methods described in Schaefer et al. (2014). For triple
systems, we used the wide component as a simultaneous
PSF to model the close pair. For wide binaries where the
Airy rings of the PSF for each component did not over-
lap (& 200 mas), we used the primary component as the
PSF to measure the relative separation of the secondary.
Ordinarily, for close binaries with overlapping PSFs and
no wide component in the field of view, we typically
use a separate observation of a single star PSF reference
observed either immediately before or after the target
using the same AO frame rate. However, because the
targets are at southern declinations and were observed
at moderate airmasses (z = 1.4−2.0), the AO correction
between nearby targets was not always stable, leading to
mis-matched PSF shapes. The variability in the shape
of the central core and structure in the Airy ring of the
PSF can be seen by comparing images of different bina-
ries observed on the same night in Figure 1. To overcome
this difficulty, we created an “effective PSF” (ePSF) di-
rectly from the blended binary components.
To create the ePSF, we cross-correlated the central
cores of the PSFs from each component to align the im-
ages, scaled the fluxes to match their brightnesses, and
rejected pixels with the highest counts from the aver-
aged PSF. This process eliminates the blended side of
the PSF from each component, providing the PSF of an
effectively “single” star as shown in Figure 2. In each
case where we used an ePSF (indicated in the last col-
umn of Table 2), we compared the positions with those
computed from using a separate observation of a sin-
gle PSF star. In all cases, the χ2 between the data and
binary model were lower when using the ePSF. For bina-
ries with separations . 70 mas (i.e., MML 53 and VSSG
14), the cores of the components overlapped too much,
so we could not create a suitable ePSF and had to use
a separate observation of a single star as the PSF. We
tested the reliability of creating an ePSF using the triple
star EM* SR 24. For this system, we used SR 24S as
a simultaneous PSF to model the ∼ 100 mas close pair
SR 24 Na,Nb. We also created an ePSF directly from
the components in the close pair. The positions derived
for the close pair were consistent within 0.90 mas on UT
2014 July 06 and 0.39 mas on UT 2015 July 22, both
within the 1σ uncertainties of the two methods.
We corrected the binary positions using the geomet-
ric distortion solutions published by Yelda et al. (2010)
prior to the optical realignment of the AO system on
2015 April 13 and by Service et al. (2016) after the re-
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Figure 1. Keck NIRC2 AO images of PMS multiple systems in the Ophiuchus and UCL star forming regions. Each panel is ∼1′′
wide, except for the WSB 18 panel which is ∼1.5′′ wide. North is up and east is to the left. Wide companions with separations
larger than 1′′ are not shown. For systems where the components are nearly equal brightness, the identification of the A and B
components might vary in the literature. In most panels, the flux scale saturates at 0.4 times the maximum value, except for
MML 50, ROXs 16, ROXs 42C, ROXs 43A, and V853 Oph which saturate at 0.2 times the maximum to bring out the faint
companions.
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WSB 37 Effective PSF
ROXs 20A as PSF Effective PSF
Figure 2. Top left: Image of the binary WSB 37 on UT 2015
Apr 5. The binary is separated by 117 mas. Top right: Effec-
tive PSF created by aligning and coadding the PSFs from the
two components after rejecting pixels with the highest num-
ber of counts. Bottom: Residuals between WSB 37 and the
model binary created using a separate image of ROXs 20A
as the PSF (left) and using the effective PSF (right). The
two residual panels are plotted on the same scale, showing
the improvement in the binary fit when using the effective
PSF.
alignment. For the earlier AO observations, we used a
plate scale of 9.952 ± 0.001 mas pixel−1 and subtracted
0.◦252 ± 0.◦009 from the raw position angles to correct
for the orientation of the camera relative to true north.
After 2015 April 13, we used a plate scale of 9.971 ±
0.004 mas pixel−1 and subtracted 0.◦262±0.◦020 from the
measured position angles. Table 3 presents the Julian
year, binary separation, position angle measured east
of north, and flux ratios measured in each filter. The
positions were averaged over the measurements from in-
dividual frames in the H and K bands, and uncertain-
ties were computed from the standard deviation. These
filters provide a good compromise between angular res-
olution and PSF stability. For systems with more than
two components, we list the measurements for each pair
of stars separately. In Figure 3 we show how theK-band
flux ratios change over time.
3. ANALYSIS OF ORBITAL MOTION
We combined our AO measurements of the binary po-
sitions with previously published values from the liter-
ature. In several cases we found no published reports
of additional measurements of the binary separations
since the time of their discovery over 10−20 yr ago.
With such limited orbital coverage, it was not possible
to compute orbital solutions. For binaries with enough
measurements to begin mapping the curvature of the or-
bit, we assessed the range of possible orbital solutions
using the statistical approach outlined by Schaefer et al.
(2006, 2014). In general, we searched for possible orbital
solutions out to periods of 500 years, eccentricities from
0 to 0.99, and times of periastron passage that covered
the full range of the orbital periods. In three cases where
the binaries have sufficient orbital coverage (ROXs 47A,
EM* SR 20, and EM* SR 24), we computed preliminary
values for the orbital period (P ), time of periastron pas-
sage (T ), eccentricity (e), angular semi-major axis (a),
inclination (i), position angle of the line of nodes (Ω),
and the angle between the node and periastron (ω). We
discuss the results for each system in more detail below.
3.1. MML 50
MML 50 is a young star in the UCL cluster
(Wichmann et al. 1997; Mamajek et al. 2002). It was
selected as a PSF star for MML 53, but was discovered
to be binary with a separation of 376 mas with a flux
ratio of 0.10 in the near infrared. The system could be a
triple because White et al. (2007) identified the brighter
component as a double-lined spectroscopic binary based
on the presence of doubled lines.
3.2. MML 53
MML 53 is an X-ray active, lithium rich star in
the UCL cluster (Wichmann et al. 1997; Mamajek et al.
2002). It was identified as a double-lined spectroscopic
binary by White et al. (2007) based on the doubling of
photospheric spectral lines observed in the visual. The
system was later discovered to be an eclipsing binary
with a period of 2.1 days (Hebb et al. 2010). Subse-
quently, a double-lined spectroscopic orbit was deter-
mined (Hebb et al. 2011). A tertiary companion was
detected on the basis of its spectral signature and a
change in the systematic velocity of the eclipsing binary
(Hebb et al. 2010, 2011).
We resolved the tertiary companion at a separation
of 57 mas using Keck NIRC2 AO on UT 2014 July
5. We resolved this companion again on two nights in
2015. Based on the effective temperatures of the three
components derived by Hebb et al. (2010) and the near-
infrared flux ratio of ∼ 0.4 for the spatially resolved pair,
we expect that the eclipsing binary is the brighter com-
ponent in our NIRC2 observations. The tertiary com-
panion shows significant orbital motion over two years,
as shown in Figure 4. However, we have not yet mapped
enough of the orbit to place meaningful constraints on
the orbital parameters.
3.3. ROX 1
ROX 1 (EM* SR 2) was first detected as a
binary through micrometer observations by Heintz
(1980). The binary was subsequently resolved through
speckle imaging (Ghez et al. 1993, 1995; Ratzka et al.
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Figure 3. K-band flux ratios for each system as a function of time. The black circles show our AO measurements while the gray
circles show previously published measurements from the literature (see references in notes on individual systems in Section 3).
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Figure 4. Orbital motion measured for MML 53 based on
our Keck NIRC2 observations.
2005; McCabe et al. 2006) and shift-and-add techniques
(Aspin et al. 1997). We resolved the system twice in
2014–2015 using AO imaging. Figure 5 shows that there
is a surprising amount of scatter in the measured orbital
motion and that determining a well-defined orbital pe-
riod is not yet possible. Given that the components are
nearly equal brightness, we flipped some of the position
angles by 180◦ to find a realistic set of orbital positions.
It is possible that our identification of the two compo-
nents at each epoch is not correct; additional measure-
ments in the future to further map the orbital motion
should help resolve these possible discrepancies.
A statistical analysis of orbital solutions that fit the
existing data indicates that the orbital period is greater
than 60 yr, with the 1 σ confidence interval extending
out to the search range of 500 yrs. In Figure 5 we plot
examples of three orbits that fit the data. These orbits
were selected to produce a total mass of ∼ 1.9M⊙ at
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Figure 5. Orbital motion measured for ROX 1 (EM* SR
2) based on our AO observations (black circles) and pub-
lished values from the literature (gray circles; Heintz 1980;
Ghez et al. 1993, 1995; Aspin et al. 1997; Ratzka et al. 2005;
McCabe et al. 2006). Overplotted are three sample orbits
with periods ranging from 110–130 yr and total masses of
∼ 1.9M⊙ for a distance of 130 pc.
a distance of 130 pc. The approximate total mass was
estimated by assuming two equal mass components, each
with a spectral type of G9 (Torres et al. 2006) and using
the effective temperature and mass estimates computed
by Kraus & Hillenbrand (2007). Without the constraint
on the total mass, the orbit fits tend to prefer highly
eccentric, high mass orbits.
3.4. ROXR1 12
ROXR1 12 was resolved as a binary through speckle
observations by Ratzka et al. (2005) in 2001. We re-
solved the system again using AO imaging in 2015. Fig-
ure 6 shows significant orbital motion between the two
epochs, although with only two measurements, the cov-
erage is not sufficient for fitting a binary orbit yet.
3.5. ROXs 5
ROXs 5 was resolved as a binary through speckle ob-
servations by Ageorges et al. (1997) and Ratzka et al.
(2005). We resolved the system two times using adaptive
optics imaging at Keck. Figure 7 shows the orbital mo-
tion of ROXs 5. The position angle of the speckle mea-
surement by Ageorges et al. (1997) in 1994.3 has been
flipped by 180◦. At the published position angle of 130◦,
a very eccentric family of orbits fit the data with a min-
imum total mass of 12.6 M⊙ assuming a distance of 130
pc, inconsistent with the K7 spectral type of the system
(Bouvier & Appenzeller 1992). After flipping the posi-
tion angle of the discovery measurement, a statistical
analysis of orbital solutions that fit the data indicates
that the orbital period is greater than 36 yr, with the 1 σ
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Figure 6. Orbital motion measured for ROXR1 12 based on
our AO observations (black circle) and the speckle measure-
ment from Ratzka et al. (gray circle; 2005).
confidence interval extending out to the search range of
500 yr. These orbital solutions provide a more realistic
minimum mass of ∼ 0.87 M⊙.
In Figure 7 we show examples of three orbits that fit
the data. When selecting the orbits to plot, we placed
an upper limit of ∼ 1.2 M⊙ on the total system mass,
determined by assuming two equal mass components,
each with a spectral type of K7 (Bouvier & Appenzeller
1992), and using the table of effective temperatures and
masses computed by Kraus & Hillenbrand (2007). This
removed highly eccentric, high mass orbits from the
range of possible solutions.
3.6. ROXs 16
ROXs 16 A,B was resolved as a binary with a sep-
aration of ∼ 590 mas through speckle and shift-and-
add techniques (Ageorges et al. 1997; Costa et al. 2000;
Ratzka et al. 2005). A possible close companion (ROXs
16 Aa,Ab) was detected during the speckle observations
by Ratzka et al. (2005), although the authors caution
that the “probable third component of ROXs 16 is too
close to distinguish between an elongated structure and
a point source”. Fitting the individual Keck AO images
as a triple system resulted in possible separations for the
close pair ranging between 10−20 mas over a wide range
of position angles. Given the large range of positions be-
low the limit of what we can reliably measure using a si-
multaneous PSF at Keck (e.g., Schaefer et al. 2012), we
do not consider the detection reliable. Figure 8 shows
the orbital motion observed in the wide A,B pair. A
statistical analysis of the orbital motion indicates that
the orbital period is greater than 42 yr, with the 1σ
confidence interval extending out to the search range of
500 yr. As shown in Figure 3, the K-band flux ratio of
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Figure 7. Orbital motion measured for ROXs 5 based on
our AO observations (black circles) and published measure-
ments from the literature (gray circles; Ageorges et al. 1997;
Ratzka et al. 2005). We flipped the position angle of the
speckle measurement by Ageorges et al. (1997) in 1994.3 by
180◦. Overplotted are three sample orbits with periods rang-
ing from 51–84 yr and total masses of 0.9 − 1.2M⊙ for a
distance of 130 pc.
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Figure 8. Left: Orbital motion measured for ROXs 16 A,B
based on our AO observations (black circles) and previ-
ously published measurements in the literature (gray circles;
Ageorges et al. 1997; Costa et al. 2000; Ratzka et al. 2005).
ROXs 16 B relative to A has changed significantly over
time.
3.7. ROXs 42C
ROXs 42C (NTTS 162814-2427) was identified as a
double-lined spectroscopic binary with a period of 36
days by Mathieu et al. (1989). It was discovered to
have a wide tertiary component with a separation of
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Figure 9. Orbital motion measured for ROXs 42C based on
our AO observations (black circles) and published measure-
ments in the literature (gray circles; Ghez et al. 1993, 1995;
Aspin et al. 1997; Barsony et al. 2003; Ratzka et al. 2005).
Overplotted are examples of orbital solutions with periods
ranging from 80 to 120 yr.
150 mas through speckle interferometry (Ghez et al.
1993). The orbital motion of the visual pair has been
monitored through speckle imaging and shift-and-add
techniques (Ghez et al. 1993, 1995; Aspin et al. 1997;
Barsony et al. 2003; Ratzka et al. 2005). We resolved
the system during two AO observations. Figure 9 shows
the orbital motion for ROXs 42C. A statistical analysis
of orbital solutions that fit the data indicates that the
orbital period is greater than 56 yr, with the 1σ confi-
dence interval extending out to the search range of 500
yr.
3.8. ROXs 43 Aa,Ab,B
ROXs 43 A and B are a ∼ 4.′′5 visual pair
(Barton 1951; Bouvier & Appenzeller 1992;
Reipurth & Zinnecker 1993; Simon et al. 1995;
Ageorges et al. 1997; Ratzka et al. 2005; Correia et al.
2006; McCabe et al. 2006). ROXs 43A was detected as
a single-lined spectroscopic binary with a period of 89
days (Mathieu et al. 1989). The spectroscopic binary
was discovered to have an additional companion with a
separation of 334 mas and a flux ratio of 0.05 through
adaptive optics observations by Correia et al. (2006).
This companion was not detected in the speckle obser-
vations by Ghez et al. (1993) or Ratzka et al. (2005).
ROXs 43B was discovered to have a close companion
with a projected separation of 16 mas through the
lunar occultation observations by Simon et al. (1995).
Therefore, the system is a quintuple. During our AO
observations at Keck in 2015, we resolved the 300 mas
pair ROXs 43 Aa,Ab; the orbital motion is shown in
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Figure 10. Orbital motion measured for ROXs 43 Aa,Ab
based on our AO observation (black circle) and the AO ob-
servation by Correia et al. (gray circle; 2006).
Figure 10. We attempted to fit ROXs 43 Ba,Bb as a
close binary using ROXs 43 Aa as the PSF, but could
not derive a reliable separation (ρ < 20 mas).
3.9. ROXs 47A
ROXs 47A (DoAr 51) was resolved as a triple
system by Barsony et al. (2003). The wide pair
has a separation of ∼ 790 mas (Barsony et al. 2003;
Ratzka et al. 2005; McCabe et al. 2006). The orbital
motion of the close pair has been resolved through
speckle interferometry, aperture masking, and VLBA ra-
dio observations (Barsony et al. 2003; Cheetham et al.
2015; Rizzuto et al. 2016; Ortiz-Leo´n et al. 2017). An
orbit for the close pair with a period of 8.2 yr
and a semi-major axis of 33 mas was computed by
Rizzuto et al. (2016). Based on VLBA radio observa-
tions, Ortiz-Leo´n et al. (2017) revised the relative orbit
and computed the astrometric center of mass motion
and a geometric parallax of 6.983 ± 0.050 mas (143.2 ±
1.0 pc). This astrometric solution provided individual
masses of 0.791 ± 0.014 M⊙ and 0.781± 0.042 M⊙ for
the components in the close pair.
We resolved the triple system on four nights between
2004−2015 using adaptive optics imaging at Keck. Fig-
ure 11 shows the orbital motion of the close pair. Our
AO observations are consistent with the previously pub-
lished measurements. An orbit fit to all of the available
data yields the orbital parameters in Table 4 which are
consistent with those published by Rizzuto et al. (2016)
and Ortiz-Leo´n et al. (2017). The astrometric motion of
the close pair relative to the wide component based on
our AO observations is too sparse to model the center of
mass motion, however, the motion is consistent with the
astrometric orbit published by Ortiz-Leo´n et al. (2017).
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Figure 11. Orbital motion measured for ROXs 47 Aa,Ab
(DoAr 51) based on our AO observations (black cir-
cles) and previously published measurements (gray circles;
Barsony et al. 2003; Cheetham et al. 2015; Rizzuto et al.
2016; Ortiz-Leo´n et al. 2017). Overplotted is the best fitting
visual orbit with a period of 8.1 yr.
As shown in Figure 3, the K-band flux ratio of ROXs
47 Ac relative to Aa and Ab varied by a factor of ∼ 2
in 2014−2015, while the flux ratio of Ab relative to Aa
has changed by only factor of ∼ 1.2. This suggests that
Ac is likely the most variable component.
3.10. EM* SR 12
SR 12 (HBC 263) was first detected as a bi-
nary during a lunar occultation (Simon et al. 1987).
The orbital motion of the binary has been mapped
through lunar occultations, speckle interferometry, and
imaging (Simon et al. 1987; Zinnecker & Perrier 1988;
Simon et al. 1995; Costa et al. 2000; Allen et al. 2002;
McCabe et al. 2006). The system also has a faint, sub-
stellar companion (SR 12 C) at a separation of 8.′′8
(Allen et al. 2002; Kuzuhara et al. 2011; Bowler et al.
2014). SR 12 C was outside of the field of view of the
NIRC2 images. Figure 12 show the orbital motion mea-
sured for SR 12 B relative to A. Fitting an orbit to the
data provides an improved χ2 compared with linear mo-
tion, but the coverage is so limited that we cannot place
strong constraints on the orbital parameters. A statisti-
cal analysis of orbits that fit the data indicates that the
orbital period must be greater than 62 yr with the 1σ
confidence interval extending out to the search range of
500 yr. The K-band flux ratio of SR 12 has increased
by a factor of ∼ 1.3 since the previous measurements in
1996-2001.
3.11. EM* SR 20
SR 20 (HBC 643) was first detected as a binary
with a separation of 71 mas by Ghez et al. (1993).
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Figure 12. Orbital motion measured for EM* SR 12 A,B
based on our AO observations (black circles) and previously
published measurements (gray circles; Simon et al. 1987;
Zinnecker & Perrier 1988; Simon et al. 1995; Costa et al.
2000; Allen et al. 2002; McCabe et al. 2006).
The orbital motion has been mapped through speckle
imaging and aperture masking (Ghez et al. 1993, 1995;
Cheetham et al. 2015). The system was unresolved on
three occasions reported by Richichi et al. (1994) and
Ghez et al. (1995). We observed the system using AO
imaging on UT 2014 July 6; the data suggest that the
image is not a single star, but without a simultaneous
PSF in the field of view we could not measure a reli-
able binary separation. The separation measured from
individual frames varied between 20-54 mas over a wide
range of position angles. Likewise, we were not able to
measure a reliable separation during aperture masking
observations that we obtained on UT 2015 July 12. As
shown in Figure 13, the published measurements span
nearly one full orbital period (P ∼ 23.2 yr). We fit an
orbit to these data and obtained the preliminary orbital
parameters in Table 4. However, because the observa-
tions all lie on the same side of the orbit and there is
a large deviation in the position of the discovery obser-
vation, most of the orbital parameters have large uncer-
tainties. The uncertainties were estimated by exploring
the 1σ confidence intervals using the grid search proce-
dure described in Schaefer et al. (2006). At an assumed
distance of 130 pc, a statistical analysis of the orbits
that fit the data indicate a median total mass of 0.7+1.2−0.3
M⊙.
3.12. EM* SR 24N
SR 24 S and N are separated by 6′′
(Struve & Rudkjøbing 1949; Ratzka et al. 2005;
McCabe et al. 2006; Correia et al. 2006). Our AO
observations indicate that the relative separation has
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Figure 13. Orbital motion measured for SR 20 (HBC 643)
as measured by Ghez et al. (1993, 1995) and Cheetham et al.
(2015). The blue line shows the best fit orbit with a period
of 23.3 yr while the red lines shows orbits within the 1σ
confidence interval in the inclination.
remained constant over the past two decades. SR 24 N
(WSB 41) is a close binary with a separation of ∼ 100
mas (Simon et al. 1995; Costa et al. 2000; Correia et al.
2006; McCabe et al. 2006). Cheetham et al. (2015) did
not resolve the close pair during their aperture masking
observations. We resolved all three components in the
SR 24 system during two AO imaging observations
in 2014−2015. Figure 14 shows the orbital motion
observed for the close binary SR 24 N. A statistical
analysis of orbital solutions that fit the data indicates
that the 1σ confidence interval on the orbital period
extends from 78 to 216 yr. The preliminary ranges for
each of the orbital parameters are listed in Table 4.
Sufficient curvature has been mapped to provide well-
defined 1σ bounds on the total mass. Assuming that
the system is located in Lynds 1688 at a distance of
137.3 pc, the total mass of SR 24N is 1.24 ± 0.24 M⊙.
The relative brightness of the two components in
SR 24N has varied significantly, with the K-band
flux ratios (Nb/Na) varying between 0.46 to 1.5,
as shown in Figure 3. There are disks around
both SR 24S (e.g., Pinilla et al. 2017) and SR 24N
(Greene et al. 1994; Martin et al. 1998). Recent ALMA
observations indicate that the disks are misaligned
(Ferna´ndez-Lo´pez et al. 2017). The continuum emission
detected around SR 24N is unresolved by the ALMA ob-
servations at a resolution of 150 mas. Based on the 1σ
confidence intervals from the orbital fitting, the mini-
mum and maximum projected separations between Na
and Nb range between 42–47 mas and 175–370 mas, sug-
gesting that the continuum emission is likely from a cir-
cumstellar disk around one of the northern components.
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Figure 14. Orbital motion measured for SR 24 Na,Nb
based on our AO observations (black circles) and previously
published measurements (gray circles; Simon et al. 1995;
Correia et al. 2006; McCabe et al. 2006). Overplotted are
three examples of orbits that fit the data with orbital peri-
ods of 80−110 yr.
The semi-major axis of 600 mas for the CO line emis-
sion detected by ALMA is larger than the dimensions of
the binary orbit, suggesting that it is likely from a cir-
cumbinary disk. This geometry is similar to the inter-
pretation by Andrews & Williams (2005). The size and
orientation of the circumbinary disk and the binary orbit
on the plane of the sky are shown in Figure 15. Com-
paring the preliminary visual orbital parameters for the
close binary with the orientation of the disk around SR
24N indicates a relative of alignment (e.g., Fekel 1981;
Kellogg et al. 2017) of 37◦+19−9 or 96
◦+17
−21 between the bi-
nary orbit and the disk (the two possibilities are a result
of the 180◦ ambiguity in Ω for the visual orbit). Obscu-
ration by the disk around SR 24N could be causing the
observed photometric variability; monitoring the flux ra-
tio in theK and L bands could help identify the source of
the variability (Prato & Simon 1997; Beck et al. 2004).
3.13. V853 Oph
The orbital motion of the wide pair V853 Oph A,B
with a separation of ∼ 300 mas has been monitored
using speckle interferometry, lunar occultation, shift-
and-add techniques, the Fine Guidance Sensors onboard
the Hubble Space Telescope, and adaptive optics imaging
(Ghez et al. 1993; Simon et al. 1995; Aspin et al. 1997;
Costa et al. 2000; McCabe et al. 2006; Schaefer et al.
2006). Simon et al. (1995) discovered a close compan-
ion to the primary (Aa,Ab) during a lunar occultation
observation. We obtained three additional observations
of the system using AO imaging at Keck in 2014−2015.
On UT 2014 Jul 6, there were significant residuals in
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Figure 15. Relative orientation of the SR 24 Na,Nb binary
orbit compared with the circumbinary disk. The filled circles
show the relative separation of Na and Nb in 2015.5; the
position of Na is fixed at the origin. The blue line shows the
best fit binary orbit with a period of 111 yr while the red lines
show the smallest and largest orbits in the 1σ confidence
interval. The cross marks the relative offset of the continuum
emission detected by Ferna´ndez-Lo´pez et al. (2017) in 2015
compared with the infrared positions of Na and Nb relative
to SR 24S. The small dotted circle represents the ALMA
resolution limit of 0.15′′ during the continuum observations.
The shaded ellipse shows the orientation and size of the CO
disk in the plane of the sky.
the PSF fitting when modeling V853 Oph A as a sin-
gle source, indicating that the PSF of V853 Oph A is
elongated in comparison to B. For these data, we mod-
eled V853 Oph Aa,Ab as a close binary using V853 Oph
B as the PSF and obtained a consistent separation of
23.51 ± 0.97 mas. The difference in Akaike’s infor-
mation criterion (Burnham & Anderson 2002) between
the binary and triple fits ranged between 520−1000 for
the individual images, indicating a signficant improve-
ment in the χ2. For our data from the two nights in
2015, we attempted to fit the system as a triple, but
the range of separations derived from the individual im-
ages varied by a factor of two (14−27 mas on 2015 April
5 and 9−17 mas on 2015 July 12). The difference in
Akaike’s information criterion on these nights was sig-
nificant (82−302), indicating an elongation compared
with a point source, however the separation and posi-
tion angle could not be measured reliably.
In Table 3 we present the wide pair (V853 Oph B,A)
separations for all nights, and the possible detection
of the close companion in 2014. We also present two
updated positions of the wide pair from Schaefer et al.
(2006) that have been corrected for geometric distor-
tions. Figure 16 shows the orbital motion of V853 Oph
A relative to the fainter wide component B. A statistical
analysis of possible orbits that fit the data indicates that
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Figure 16. Orbital motion measured for V853 Oph A rel-
ative to the fainter wide component B based on our AO
observations (black circles) and previously published mea-
surements (gray circles; Ghez et al. 1993; Simon et al. 1995;
Aspin et al. 1997; Costa et al. 2000; McCabe et al. 2006;
Schaefer et al. 2006). Overplotted in blue is a sample or-
bit with a period of 400 yr. The red line segments connect
the measurements with the predicted positions along the or-
bit. The measured separation of the most discrepant point
was near the resolution limit of the telescope in the observed
N-band (McCabe et al. 2006).
the period is longer than 80 yr, with the 1σ confidence
interval extending out to the search range of 500 yr. As
shown in Figure 3, the K-band flux ratio of V853Oph
A relative to B has varied significantly. Schaefer et al.
(2006) showed that most of the V -band variability is
associated with the primary V853 Oph A. Both wide
components are classified as classical T Tauri stars with
disks (Geoffray & Monin 2001).
3.14. VSSG 14
The close companion to VSSG 14 was discovered
through a lunar occultation with a projected separa-
tion of 101 mas (Richichi et al. 1994). It was resolved
through speckle imaging eight years later (Ratzka et al.
2005). We resolved the close companion during three
AO observations in 2014–2015. Figure 17 shows the
current orbital motion observed for VSSG 14. A sta-
tistical analysis of orbital solutions that fit the existing
data indicates that the orbital period is greater than 8.7
yr, with the 1 σ confidence interval extending out to the
search range of 500 yrs. There is not yet enough curva-
ture to place reasonable estimates on the total mass.
3.15. WSB 18
WSB 18 is a triple system. The wide pair is sep-
arated by 1.0′′ (Reipurth & Zinnecker 1993; Koresko
2002; Ratzka et al. 2005; McCabe et al. 2006). A close
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Figure 17. Orbital motion measured for VSSG 14 based on
our AO observations (black circles) and the speckle measure-
ment (gray circle) from Ratzka et al. (2005). Overplotted
are examples of orbital solutions with periods ranging from
25−50 yr.
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Figure 18. Orbital motion measured for the close pair in
WSB 18 based on our AO observation (black circle) and the
speckle measurement (gray circle) from Koresko (2002).
companion with a separation of 100 mas was discovered
by Koresko (2002) during speckle observations. We re-
solved all three components in the triple system during
our AO observation in 2015. Figure 18 shows the orbital
motion observed for the close pair. The companion has
moved significantly since its detection in 1999.
3.16. WSB 21
WSB 21 was discovered to be a binary with a sep-
aration of 121 mas through speckle observations by
Ratzka et al. (2005). We resolved the companion dur-
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Figure 19. Orbital motion measured for WSB 21 based on
our AO observations (black circle) and the speckle measure-
ment (gray circle) from Ratzka et al. (2005).
ing our AO observations in 2015. Figure 19 shows the
orbital motion. The PSF fitting of the AO data using
the primary as the PSF showed strong residuals in the
secondary, indicating that the PSF of the secondary is
more elongated than the primary. We attempted to fit
the system as a triple and found a consistent solution
across all images and filters by fitting the secondary as
a close binary with a separation of only 21 mas. This
possible detection of WSB 21 as a triple must be con-
firmed in future observations. We list the separation and
position angle for both the binary and triple solutions
in Table 3. Figure 20 shows a comparison of the binary
and triple fits. The separation of the A and B compo-
nents are close enough on the detector (∼ 200 mas) that
we do not expect geometric distortion to be the cause of
the difference in the PSF shapes.
3.17. WSB 37
WSB 37 was resolved as a binary with a separation of
161 mas through speckle observations by Ratzka et al.
(2005). We resolved the system during our AO observa-
tions in 2015. There is a 180◦ ambiguity in the position
angle of the original speckle observation. The direction
of motion could be clarified with additional measure-
ments along the orbit. Figure 21 shows two possibilities
for how much the binary has moved over fifteen years
since its discovery. The option at a position angle of
245◦ is more consistent in a dynamical sense with a pair
of low-mass stars. The K-band flux ratio of WSB 37
has increased by nearly a factor of 10 compared with
the initial measurement by Ratzka et al. (2005).
3.18. WSB 59
WSB 21 B WSB 21 A
WSB 21 B Binary Model
Figure 20. Comparison of binary and triple fits for WSB
21. The top row shows the fainter component (WSB 21 B),
the brighter component (WSB 21 A) scaled to the brightness
of WSB 21 B, and the residuals between the images. The
residuals show that WSB 21 B is elongated in comparison to
A. The bottom row shows WSB 21 B, a binary model using
WSB 21 A as a simultaneous PSF, and the residuals between
the images showing an improved fit. In both rows, the scale
of the residual plots was shifted and expanded by a factor of
four to bring out the finer details.
200 100 0 −100 −200
∆RA (mas)
−200
−100
0
100
200
∆D
EC
 (m
as
)
WSB 37
2000.5
2015.3
2000.5
Figure 21. Orbital motion measured for the close pair in
WSB 37 based on our AO observations (black circle) and the
speckle measurement (gray circle) from Ratzka et al. (2005).
There is a 180◦ ambiguity in the position angle of the speckle
observation so we plot both possibilities.
WSB 59 was resolved as a binary with a separation of
100 mas at a position angle of 103◦ through speckle ob-
servations by Ratzka et al. (2005). We resolved the bi-
nary during three of our AO observations in 2014−2015,
most recently with a separation of 73 mas at a position
angle of 267◦. This suggests a large change in position
over the past 15 years. Ratzka et al. (2005) do not men-
tion explicitly an ambiguity in the position angle of the
speckle observations of WSB 59, although the measured
separation is near their resolution limit so they could
not distinguish between an elongated structure and a
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Figure 22. Orbital motion measured for the close pair in
WSB 59 based on our AO observations (black circle) and the
speckle measurement (gray circle) from Ratzka et al. (2005).
The published position angle of the speckle measurement is
almost 180◦ different from the most recent AO observations.
Ratzka et al. (2005) do not mention explicitly an ambiguity
in the position angle but their measurement was near the
resolution limit, so we include the flipped position angle in
the plot as an alternate possibility.
binary star. If we flip the position angle of that mea-
surement by 180◦, then the change in position is much
smaller. Figure 22 shows both possibilities. Additional
measurements along the orbit would clarify the direc-
tion of motion. The K-band flux ratio of WSB 59 is
twice as large compared with the initial measurement
by Ratzka et al. (2005).
4. CONCLUSIONS
We present recent measurements of the orbital posi-
tions of 17 multiple systems in the Ophiuchus star form-
ing region and the UCL cluster based on AO imaging at
the Keck Observatory. We detected visual companions
of MML 50 and MML 53 for the first time and report the
possible detection of a close third companion in WSB 21
and V853 Oph. We did not resolve EM* SR 20 during
our AO observations, but present a preliminary orbit
based on previously published measurements. We also
provide a preliminary orbit for EM* SR 24N and a re-
vised visual orbit for the close pair in ROXs 47A based
on additional AO measurements reported in this paper.
Most of the observed binaries do not have enough or-
bital measurements to determine a preliminary orbital
solution, however, the positions reported here will help
to plan the frequency of future observations and pro-
vide data for the eventual determination of the orbital
solutions and dynamical masses.
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Table 1. Observed Multiple Systems
Name RA (2000) DEC (2000) Distance (pc) Region SpT References
MML 50 14 50 25.814 -35 06 48.60 140 UCL K0 S1, D1
MML 53 14 58 37.697 -35 40 30.44 140 UCL K2 S1, D1
WSB 18 16 24 59.741 -24 56 00.83 130 Oph M3.5 S2, D2
WSB 21 16 25 15.22 -25 11 54.1 130 Oph M5 S3, D2
ROX 1-SR 2 16 25 19.244 -24 26 52.68 130 Oph G9 S4, D2
ROXs 5 16 25 55.825 -23 55 09.97 130 Oph K7 S5, D2
ROXR1 12 16 26 01.61 -24 29 45.0 137.3 L 1688 M3 S6, D3
WSB 37 16 26 41.257 -24 40 17.96 137.3 L 1688 M5 S6, D3
ROXs 16 16 26 46.43 -24 12 00.1 137.3 L 1688 G3.5 S6, D3
WSB 41 (SR 24N) 16 26 58.44 -24 45 31.9 137.3 L 1688 K8 S7, D3
HBC 263 (SR 12) 16 27 19.512 -24 41 40.39 137.3 L 1688 M0 S6, D3
VSSG 14 16 27 49.87 -24 25 40.2 137.3 L 1688 A7 S6, D3
WSB 59 16 28 09.209 -23 52 20.51 137.3 Oph M0 S3, D3
HBC 643 (SR 20) 16 28 32.66 -24 22 44.9 130 Oph G7 S6, D2
V853 Oph 16 28 45.28 -24 28 19.0 130 Oph M3.75 S6, D2
ROXs 42C 16 31 15.745 -24 34 02.23 147.3 L 1689 K6 S8, D3
ROXs 43A 16 31 20.120 -24 30 05.08 147.3 L 1689 G0 S5, D3
ROXs 43B 16 31 20.195 -24 30 00.91 147.3 L 1689 K5 S5, D3
ROXs 47A (DoAr51) 16 32 11.794 -24 40 21.37 143.2 L 1689 K3 S5, D3
References—Spectral Types: S1 - Mamajek et al. (2002); S2 - Erickson et al. (2011); S3 - Prato et al. in prep;
S4 - Torres et al. (2006); S5 - Bouvier & Appenzeller (1992); S6 - Wilking et al. (2005); S7 - Luhman et al.
(2003); S8 - Cieza et al. (2010); Distances: D1 - de Zeeuw et al. (1999); D2 - Cheetham et al. (2015); D3 -
Ortiz-Leo´n et al. (2017)
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Table 2. Log of Keck NIRC2 AO Observations
UT Date UT Target Filter AO Rate Tint (s)
a No. Imagesb PSF Used
2004 Jul 14 09:15 ROXs 47A H, K′ 50 0.18 10, 10 faint wide comp
2014 Jul 05 06:36 MML 53 K′ 149 4.0 30 ROXs 47B
07:01 ROX 1 - SR2 J, H, K′ 149 1.0–2.0 6, 12, 12 ePSF
07:24 ROXs 47B J, H, K′ 60 1.0–2.0 6, 12, 12 Single PSF
07:43 ROXs 42C J, H, K′ 149 0.2–1.0 6, 12, 12 primary
08:02 ROXs 5 J, H, K′, L′ 149 0.18–1.0 6, 12, 12, 6 ePSF
08:23 ROXs 3 J, H, K′, L′ 149 0.18 6, 6, 6, 6 Single PSF
08:37 WSB 59 K′ 149 1.0 6 ePSF
08:51 VSSG 14 H, K′ 60 0.5 6, 6 ROXs 3
09:46 HBC 263 - SR 12 H, K′ 149 1.0, 0.5 12, 12 ePSF
HBC 263 - SR 12 H 438 0.5 6 ePSF
2014 Jul 06 08:08 HBC 643 - SR 20 Hcont, Kcont 250 0.5–1.0 12, 12 Haro 1-16
08:31 Haro 1-16 Hcont, Kcont 250 1.0 6, 6 Single PSF
08:45 VSSG 14 Hcont, Kcont 149 0.5 12, 12 ROXs 10A
08:57 ROXs 10A Hcont, Kcont 148 0.5 6, 6 Single PSF
09:07 WSB 59 Kcont 60 1.0–2.0 12 ePSF
09:20 ROXs 16 K′ 60 0.5 12 Tertiary
09:28 ROXs 47A K′ 149 0.5 12 Tertiary
09:38 WSB 41 - SR 24N Kcont 60 0.5 12 SR 24S
09:49 V853 Oph H, Hcont, Kcont 250 0.2–1.0 6, 6, 6 Tertiary
2015 Apr 05 11:01 MML 53 Jcont, Hcont, Kcont, L′ 438 0.18–1.0 6, 12, 12, 6 MML 50 A
11:22 MML 50 Jcont, Hcont, Kcont, L′ 438 0.18–1.0 6, 6, 6, 6 Primary
11:41 WSB 18 J, H, K′, L′ 440 0.18–1.0 6, 12, 12, 6 Wide component
12:09 ROXs 16 Jcont, Hcont, Kcont, L′ 440 0.18–1.0 6, 12, 12, 6 Faint tertiary
12:34 WSB 21 J, H, K′, L′ 440 0.18–0.5 6, 12, 12, 6 Primary
12:52 ROXs 20A J, H, K′, L′ 440 0.18–0.5 6, 6, 6, 6 Single PSF
13:10 WSB 37 J, H, K′, L′ 440 0.18–0.5 6, 12, 12, 6 ePSF
13:40 WSB 59 J, H, K′, L′ 750 0.18–0.5 6, 12, 12, 6 ePSF
13:59 ROXs 20A J, H, K′, L′ 750 0.18–0.5 6, 12, 6, 6 Single PSF
14:18 ROXR1 12 J, H, K′, L′ 750 0.18–0.5 6, 12, 12, 6 ePSF
14:40 VSSG 14 Jcont, Hcont, Kcont, L′ 750 0.18–2.0 6, 12, 12, 6 ROXs 20B
14:59 ROXs 20B Jcont, Hcont, Kcont, L′ 750 0.18–2.0 6, 6, 6, 6 Single PSF
15:12 V853 Oph Jcont, Hcont, Kcont, L′ 750 0.18–0.5 6, 12, 12, 6 Tertiary
15:29 ROXs 47A J, H, Kcont, L′ 750 0.18–0.5 6, 12, 12, 6 Tertiary
2015 Jul 12 05:46 MML 53 Hcont, Kcont 438 0.5–1.0 12, 12 MML 50 A
05:59 MML 50 Hcont, Kcont 438 0.5–0.7 6, 6 MML 50 A
06:13 ROXs 43 A Jcont, Hcont, Kcont, L′ 438 0.18–0.6 10, 10, 10, 20 ROXs 43 Aa
07:33 ROXs 5 Jcont, Hcont, Kcont, L′ 250 0.18–1.5 6, 6, 6, 6 ePSF
07:50 ROXs 3 Jcont, Hcont, Kcont, L′ 250 0.18–1.0 6, 6, 6, 6 Single PSF
08:05 HBC 263 - SR 12 Jcont, Hcont, Kcont, L′ 250 0.18–1.0 6, 6, 6, 6 ePSF
08:21 ROXs 42C Jcont, Hcont, Kcont, L′ 438 0.18–0.5 6, 6, 6, 6 Primary
08:37 V853 Oph Hcont, Kcont 250 0.5–0.8 12, 12 Wide faint comp
08:47 ROX 1 - SR 2 Jcont, Hcont, Kcont, L′ 438 0.18–0.8 6, 6, 6, 6 ePSF
09:00 ROXs 47B Jcont, Hcont, Kcont, L′ 438 0.18–1.0 3, 3, 6, 3 Single PSF
09:16 WSB 41 - SR 24N Jcont, Hcont, Kcont, L′ 149 0.18–0.5 10, 10, 10, 10 SR 24S
09:30 ROXs 47A Hcont, Kcont 250 0.5 5, 5 Faint tertiary
Table 2 continued
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Table 2 (continued)
UT Date UT Target Filter AO Rate Tint (s)
a No. Imagesb PSF Used
a Integration time per co-add. Each image is composed of 10 co-added exposures. If different exposure times were used for different sets
of images, then the range of values is listed.
b The number of images taken in each filter.
Table 3. Keck NIRC2 Adaptive Optics Measurements of the Orbital
Positions in Multiple Systemsa
Julian Year ρ(mas) P.A.(◦) Filter Flux Ratio
MML 50
2015.2580 375.58 ± 0.66 20.906 ± 0.101 Jcont 0.0919 ± 0.0039
Hcont 0.1029 ± 0.0010
Kcont 0.1266 ± 0.0038
Lcont 0.1427 ± 0.0025
2015.5257 375.59 ± 0.28 21.043 ± 0.044 Hcont 0.1038 ± 0.0016
Kcont 0.1267 ± 0.0013
MML 53
2014.5073 57.07 ± 2.46 19.16 ± 2.47 K′ 0.530 ± 0.116
2015.2579 53.67 ± 1.93 28.34 ± 2.06 Jcont 0.429 ± 0.045
Hcont 0.416 ± 0.030
Kcont 0.389 ± 0.020
L′ 0.370 ± 0.035
2015.5256 50.58 ± 1.30 36.49 ± 1.48 Hcont 0.359 ± 0.016
Kcont 0.403 ± 0.017
ROX 1 - EM* SR 2
2014.5073 153.69 ± 2.08 125.507 ± 0.774 J 1.064 ± 0.131
H 1.005 ± 0.016
K′ 1.010 ± 0.044
2015.5260 149.50 ± 0.13 123.474 ± 0.054 Jcont 0.9720 ± 0.0031
Hcont 0.9639 ± 0.0021
Kcont 0.9624 ± 0.0020
L′ 0.9568 ± 0.0033
ROXR1 12
2015.2583 107.04 ± 0.52 9.99 ± 0.28 J 0.8218 ± 0.0279
H 0.7837 ± 0.0075
K′ 0.8031 ± 0.0050
L′ 0.8466 ± 0.0179
ROXs 5
2014.5074 184.07 ± 0.35 351.40 ± 0.11 J 0.3921 ± 0.0070
H 0.4309 ± 0.0044
K′ 0.4387 ± 0.0072
Table 3 continued
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Table 3 (continued)
Julian Year ρ(mas) P.A.(◦) Filter Flux Ratio
L′ 0.4490 ± 0.0220
2015.5258 180.43 ± 0.34 352.96 ± 0.11 Jcont 0.3845 ± 0.0087
Hcont 0.4200 ± 0.0049
Kcont 0.4435 ± 0.0037
L′ 0.4616 ± 0.0033
ROXs 16 A,B
2014.5103 545.99 ± 0.35 114.017 ± 0.037 K′ 0.1915 ± 0.0011
2015.2581 543.05 ± 0.71 114.093 ± 0.076 Jcont 0.2670 ± 0.0218
Hcont 0.2152 ± 0.0042
Kcont 0.1572 ± 0.0023
L′ 0.0884 ± 0.0009
ROXs 42C
2014.5074 350.29 ± 0.34 160.414 ± 0.056 J 0.2515 ± 0.0028
H 0.2640 ± 0.0038
K′ 0.2554 ± 0.0028
2015.5259 353.58 ± 0.31 160.855 ± 0.053 Jcont 0.2460 ± 0.0031
Hcont 0.2534 ± 0.0018
Kcont 0.2603 ± 0.0012
L′ 0.2455 ± 0.0020
ROXs 43 Aa,Ab
2015.5257 299.61 ± 0.75 159.07 ± 0.14 Jcont 0.0335 ± 0.0016
Hcont 0.0394 ± 0.0012
Kcont 0.0402 ± 0.0009
L′ 0.0470 ± 0.0014
ROXs 43 Aa,B
2015.5257 4479.6 ± 1.2 11.880 ± 0.025 Jcont 0.595 ± 0.029
Hcont 0.625 ± 0.024
Kcont 0.538 ± 0.011
L′ 0.364 ± 0.018
ROXs 47 Aa,Ab
2004.5336 25.67 ± 2.60 38.08 ± 5.80 H 1.166 ± 0.309
K′ 1.159 ± 0.408
2014.5103 51.95 ± 0.73 72.90 ± 0.81 K′ 0.896 ± 0.012
2015.2584 55.68 ± 4.61 80.04 ± 4.75 J 0.858 ± 0.052
H 0.834 ± 0.080
Kcont 0.807 ± 0.097
L′ 0.912 ± 0.022
2015.5261 56.92 ± 0.60 82.01 ± 0.61 Hcont 0.967 ± 0.037
Kcont 0.979 ± 0.008
ROXs 47 Ac,Aa
Table 3 continued
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Table 3 (continued)
Julian Year ρ(mas) P.A.(◦) Filter Flux Ratio
2004.5336 796.57 ± 2.26 260.205 ± 0.163 H 3.404 ± 0.463
K′ 2.475 ± 0.478
2014.5103 815.57 ± 0.55 264.554 ± 0.040 K′ 3.340 ± 0.036
2015.2584 818.04 ± 4.35 265.040 ± 0.305 J 2.665 ± 0.205
H 2.403 ± 0.142
Kcont 1.685 ± 0.093
L′ 1.106 ± 0.015
2015.5261 820.21 ± 1.00 265.172 ± 0.073 Hcont 2.484 ± 0.107
Kcont 1.646 ± 0.026
ROXs 47 Ac,Ab
2004.5336 777.72 ± 2.75 261.474 ± 0.203 H 3.843 ± 0.532
K′ 2.697 ± 0.502
2014.5103 764.76 ± 0.49 265.341 ± 0.038 K′ 2.993 ± 0.025
2015.2584 762.58 ± 3.82 265.405 ± 0.287 J 2.279 ± 0.098
H 1.993 ± 0.070
Kcont 1.354 ± 0.121
L′ 1.008 ± 0.012
2015.5261 763.38 ± 1.10 265.408 ± 0.085 Hcont 2.398 ± 0.043
Kcont 1.611 ± 0.018
EM* SR 12 (HBC 263)
2014.5076 171.80 ± 0.22 79.669 ± 0.074 H 0.9373 ± 0.0078
K′ 0.9357 ± 0.0049
2015.5259 164.62 ± 0.17 79.326 ± 0.062 Jcont 0.9506 ± 0.0060
Hcont 0.9699 ± 0.0055
Kcont 0.9502 ± 0.0054
L′ 0.9414 ± 0.0049
EM* SR 24 Na,Nb (WSB 41)
2014.5103 93.73 ± 1.58 248.03 ± 0.97 Kcont 0.461 ± 0.023
2015.5260 99.11 ± 0.29 240.68 ± 0.17 Jcont 0.973 ± 0.030
Hcont 0.992 ± 0.020
Kcont 1.059 ± 0.017
L′ 1.091 ± 0.008
EM* SR 24 S,Na
2014.5103 5071.40 ± 10.28 349.48 ± 0.12 Kcont 0.585 ± 0.041
2015.5260 5070.38 ± 8.94 349.48 ± 0.10 Jcont 0.504 ± 0.024
Hcont 0.470 ± 0.021
Kcont 0.464 ± 0.014
L′ 0.519 ± 0.036
EM* SR 24 S,Nb
2014.5103 5053.63 ± 9.85 348.44 ± 0.11 Kcont 0.270 ± 0.026
2015.5260 5039.31 ± 9.02 348.42 ± 0.10 Jcont 0.490 ± 0.020
Hcont 0.467 ± 0.027
Kcont 0.492 ± 0.019
Table 3 continued
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Table 3 (continued)
Julian Year ρ(mas) P.A.(◦) Filter Flux Ratio
L′ 0.567 ± 0.043
V853 Oph B,A
2003.2855 345.37 ± 1.85 273.901 ± 0.307 H 2.945 ± 0.064
K′ 3.484 ± 0.105
2004.5335 337.81 ± 0.39 272.811 ± 0.066 H 2.823 ± 0.039
K′ 3.362 ± 0.056
2014.5104 272.34 ± 0.52 269.209 ± 0.109 H 3.305 ± 0.043
Hcont 3.219 ± 0.061
Kcont 3.634 ± 0.034
2015.2584 265.67 ± 0.62 268.744 ± 0.135 Jcont 2.498 ± 0.471
Hcont 3.457 ± 0.327
Kcont 4.312 ± 0.057
L′ 5.527 ± 0.138
2015.5260 265.26 ± 0.12 268.723 ± 0.032 Kcont 5.109 ± 0.018
Hcont 4.136 ± 0.023
V853 Oph B,Aa - possible triple fit
2014.5104 276.95 ± 1.00 271.09 ± 0.21 H 1.943 ± 0.033
Hcont 1.992 ± 0.044
Kcont 2.297 ± 0.080
V853 Oph B,Ab - possible triple fit
2014.5104 265.69 ± 0.60 266.73 ± 0.13 H 1.591 ± 0.058
Hcont 1.505 ± 0.149
Kcont 1.679 ± 0.093
V853 Oph Aa,Ab - possible triple fit
2014.5104 23.51 ± 0.97 150.34 ± 2.36 H 0.819 ± 0.036
Hcont 0.757 ± 0.091
Kcont 0.733 ± 0.064
VSSG 14
2014.5075b 63.77 ± 2.22 220.34 ± 1.99 K′ 0.415 ± 0.035
2014.5102 70.62 ± 1.63 220.68 ± 1.32 Hcont 0.286 ± 0.022
Kcont 0.365 ± 0.010
2015.2583 67.85 ± 2.93 206.99 ± 2.47 Jcont 0.163 ± 0.037
Hcont 0.240 ± 0.032
Kcont 0.338 ± 0.044
L′ 0.377 ± 0.013
WSB 18 Aa,Ab
2015.2580 68.69 ± 0.72 14.28 ± 0.60 J 0.554 ± 0.024
H 0.506 ± 0.021
K′ 0.511 ± 0.008
L′ 0.539 ± 0.047
Table 3 continued
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Table 3 (continued)
Julian Year ρ(mas) P.A.(◦) Filter Flux Ratio
WSB 18 B,Aa
2015.2580 1097.41 ± 0.92 259.324 ± 0.049 J 1.184 ± 0.031
H 1.178 ± 0.043
K′ 0.968 ± 0.016
L′ 0.631 ± 0.020
WSB 18 B,Ab
2015.2580 1070.23 ± 0.97 262.659 ± 0.053 J 0.655 ± 0.021
H 0.596 ± 0.013
K′ 0.495 ± 0.011
L′ 0.339 ± 0.022
WSB 21 A,B - binary fit
2015.2581 202.04 ± 0.36 76.33 ± 0.10 J 0.8918 ± 0.0092
H 0.8037 ± 0.0057
K′ 0.7721 ± 0.0026
L′ 0.6772 ± 0.0131
WSB 21 Ba,Bb - possible triple fit
2015.2581 21.47 ± 0.80 164.09 ± 2.15 J 0.74 ± 0.12
H 0.73 ± 0.10
K′ 0.72 ± 0.10
L′ 0.50 ± 0.15
WSB 21 A,Ba - possible triple fit
2015.2581 201.99 ± 0.67 73.84 ± 0.19 J 0.534 ± 0.038
H 0.486 ± 0.029
K′ 0.474 ± 0.027
L′ 0.474 ± 0.048
WSB 21 A,Bb - possible triple fit
2015.2581 203.03 ± 1.00 79.91 ± 0.28 J 0.391 ± 0.035
H 0.352 ± 0.030
K′ 0.341 ± 0.025
L′ 0.232 ± 0.048
WSB 37
2015.2582 117.65 ± 0.16 254.354 ± 0.079 J 1.0223 ± 0.0124
H 0.9917 ± 0.0030
K′ 0.9773 ± 0.0034
L′ 0.9755 ± 0.0086
WSB 59
2014.5075 79.17 ± 5.98 266.21 ± 4.33 K′ 0.566 ± 0.062
Table 3 continued
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Table 3 (continued)
Julian Year ρ(mas) P.A.(◦) Filter Flux Ratio
2014.5103 79.59 ± 3.01 267.56 ± 2.17 Kcont 0.596 ± 0.041
2015.2582 73.36 ± 0.51 266.94 ± 0.40 J 0.476 ± 0.013
H 0.505 ± 0.009
K′ 0.564 ± 0.007
L′ 0.648 ± 0.018
aWhen listed, the “X,Y” designation indicates that component Y was measured rel-
ative to X.
b H-band images of VSSG 14 from UT 2014 Jul 5 (2014.5075) were of poor quality
and not included in the final results. The discrepancy between the two positions
measured in 2014.5 is likely because of a larger mismatch of PSF shapes on UT 2014
Jul 5. The components of VSSG 14 were too blended to create an effective PSF.
Note—ROX 47 Ac,Aa and Ac,Ab give the position angle of the brighter component
relative to the fainter tertiary. This angle is flipped 180◦ from the position angle
given in the literature for the faint companion relative to the brighter primary.
Table 4. Orbital Parameters
Parameters ROXs 47A EM* SR 20 EM* SR 24 N
P (yr) 8.051 ± 0.039 23.2+1.1
−0.9
111+105
−33
T (JY) 2012.035 ± 0.035 2002.6+7.7
−5.4
2009.34+0.15
−0.13
e 0.7961 ± 0.0062 0.26+0.73
−0.11
0.64+0.13
−0.10
a (mas) 32.76 ± 0.48 48+420
−6
181+83
−30
i (◦) 20.7 ± 4.6 130+21
−37
132.1+7.4
−5.0
Ω (◦) 51.4 ± 8.5 90+43
−13
72.0+4.3
−3.4
ω (◦) 216.9 ± 9.0 67+41
−46
110.9+5.0
−5.8
Mtot (M⊙) 1.593 ± 0.079 0.7
+1.2
−0.3
( d
130pc
)3 1.24+0.24
−0.23
( d
137.3pc
)3
Note—The total mass of ROXs 47A includes the uncertainty in the orbital parallax
(143.2 ± 1.0 pc) determined by Ortiz-Leo´n et al. (2017). The total mass of
SR 20 is the median from a statistical analysis of orbits that fit the data; the
uncertainties contain 34% of the solutions on either side of the median. The total
mass of SR 24 N was determined from the 1σ (∆χ2 = 1) confidence interval.
The uncertainties in the masses for SR 20 and SR 24 are derived from the visual
orbit only and do not include uncertainties in the distance. The distances for
these systems are not yet precisely known and will be refined by astrometric
missions like GAIA.
